GPS data from 181 permanent stations extracted from different networks covering France and the Italian part of the Alps are used to estimate a homogeneous set of tropospheric parameters over 14 years (from January 1998 to May 2012). The tropospheric zenith delay (ZTD) quantified in the GPS data analysis is closely related to the value of integrated water vapor above each GPS station. GPS ZTD is already successfully used for operational weather prediction and meteorological analyses, providing valuable data to improve our comprehension of the tropospheric water cycle and in particular to improve the prediction of precipitations. Moreover, GPS tropospheric measurements are intrinsically stable, so that long term observations represent a significant contribution to climatological studies. The results of a homogeneous reanalysis of up to 14 years of data with MIT's GAMIT/GLOBK software version 10.4 are presented. The estimated tropospheric parameters are 1 ZTD every 2 hours and one couple of horizontal tropospheric gradients (NS and EW) every 3 hours for each of the 181 stations, simultaneously with a daily positioning solution. A quality check of the tropospheric parameter time series identifies offsets, for example due to instrument changes at individual sites. The resulting verified time series can further be used for meteorological and climatological studies that go beyond the geodetic work presented here. Thanks to the length of the data set in time, a regional climatological approach could permit identifying specific patterns of ZTD variation that are related to severe weather events. The regional GPS stations could then contribute to an early warning system.
INTRODUCTION
Some 20 years ago, the first permanent GPS stations have been installed in Europe by different organizations such as French CNES and Italian ASI (stations MATE: 1992 , GRAS: 1994 , MEDI: 1995 TORI: 1996 , TOUL: 1996 . Today, a high number of permanent GPS stations exist in Europe that have been running over the long term and provide now a data set covering more than 10 years. GPS microwave signals are delayed by the atmosphere (Askne and Nordius, 1987; Solheim et al., 1999 ) and a precise measurement of the Zenith Total Delay (ZTD) can be achieve during GPS data processing. ZTD is function of atmospheric pressure, temperature and humidity along the signal travel path (Saastamoinen, 1972) . GPS tropospheric measurements are intrinsically stable (e.g. Bevis et al., 1992) , so that long term observations represent a significant contribution to climatological studies (Bock et al., 2008; Bouma and Stoew, 2001; Jin et al., 2009) . One condition for exploiting GPS data for climatology is, however, the use of a homogeneous data analysis strategy over the total observation span (the problem of data homogeneity is discussed e.g. in Vey et al., 2009 ). The aim of our work is to re-analyze data from GPS stations installed for long term measurements in France and Italy with an up-to-date GPS data analysis strategy. This analysis will provide a coherent set of ZTD for each station. The ZTD quantified in the GPS data analysis being closely related to the value of integrated water vapor above each GPS station (Bevis et al., 1992 (Bevis et al., , 1994 , GPS ZTD is already successfully used for operational weather prediction (e.g. the recent work from Bennitt and Jupp, 2012) . It is shown to provide valuable data to improve our comprehension of the tropospheric water cycle and in particular to improve the prediction of precipitations (e.g. Boniface et al., 2009; De Pondeca and Zou, 2001; Yan et al., 2009 ) even in a very short time perspective (De Haan, 2013 ). In the current study, we want to test if our analysis of GPS data over up to 14 years can provide first constraints on the climatology of tropospheric water vapor. This data re-analysis is done in particular as a contribution to the HyMeX project (HYdrological cycle in the Mediterranean EXperiment). This international project implying 15 countries and running from 2010 to 2020, aims at a better understanding and quantification of the hydrological cycle and related processes in the Mediterranean, with emphasis on high-impact weather events, inter-annual to decadal variability of the Mediterranean coupled system, and associated trends in the context of global change (www.hymex.org). Moreover, tropospheric water vapor observations in our regionally densified network (Mediterranean, Alps, Fig. 1 , section 2) permits also to provide some constraints on regional climatologies. In these regional frameworks, the length of the observation span could make the data interesting for statistical approaches, for example trying to identify specific patterns of ZTD evolution that are related to intense precipitation events. The regional GPS stations analyzed in our study could then contribute to early warning systems.
GPS NETWORK
The GPS network of our analysis is particularly dense in the south-eastern part of France and the north-western part of Italy, therefore covering a significant area of the western Alps (Fig.1) Fig. 1 ) to obtain a stable Reference Frame for the entire time span. As one particularity of the RENAG network is site stability over the long term, the total of its present stations is included in the analysis. We also analyzed all stations made available by the Liguria and Piemonte regions. Then, the network coverage was completed in the Alpine and Mediterranean regions by subsets of stations from RGP, AGNES, GEODAF, RING and GAIN. The 181 station names and their coordinates can be found in the Appendix. The data analysis covers the time interval from January 1998 to May 2012, representing more than 14 years of observations. From the 181 stations, 50 stations provide more than 10 years of data and 57 stations between 5 and 10 years of data. The 74 remaining stations have less than 5 years of available data.
GPS DATA ANALYSIS
The software used for the GPS data analysis is GAMIT/GLOBK ver. 10.4 (Herring et al., 2010) developed at the Department of Earth Atmospheric and Planetary Sciences, MIT (Robert W. King -rwk@chandler.mit.edu). The estimated tropospheric parameters are 1 ZTD every 2 hours and one couple of horizontal tropospheric gradients (NS and EW) every 3 hours for each of the 181 stations, simultaneously with a daily positioning solution. The troposphere is modeled using the empirical GMF mapping function (Boehm et al., 2006b) for its homogeneity over the study time span. It is in particular independent from weather models, unlike the VMF1 mapping function (Boehm et al., 2004 (Boehm et al., , 2006a , constraint by 6 hourly ECMWF analysis results and nowadays widely used. Moreover, we use the GPT model (Boehm et al., 2007) for a priori information on station pressure and temperature. Furthermore, the absolute antenna phase center model IGS_08 is implemented , as well as ocean loading (FES2004, Lyard et al., 2006) and atmospheric loading following Tregoning and van Dam (2005) . IGS final orbits are readjusted in the analysis and coherent Earth orientation parameters are used. Due to computational limits, the 181 station network has been split in three sub-networks. A stable, common reference frame is achieved by including in each sub-network an identical set of 15 IGS and EUREF stations (Fig. 1) . Each sub-network comprises about 55 other, local PSs. We decided to configure the three sub-networks according to the age of the stations, to obtain network geometries that are as stable as possible in time. Subnetwork 1 is composed of the oldest 54 stations (12 stations were already available in January 1998, the youngest net1 station started in June 2004), sub-network 2 of the 56 medium ones (starting before June 2008), and sub-network 3 includes the 56 youngest stations that have started after July 2008. The a priori coordinates used for the stations are from ITRF2008 (Altamimi et al., 2011) when available. The coordinates are extrapolated to the daily position using their ITRF2008 velocity. For regional stations without ITRF2008 solution we calculated a precise coordinate solution over a few days in 2012 with respect to ITRF2008. Red circles highlight the 15 common IGS and EUREF stations included in each of the three sub-networks net1 (yellow circles), net2 (blue circles) and net3 (green circles) composed according to decreasing station age. For station names and coordinates refer to the Appendix.
For a consistent tropospheric parameter estimation, the ITRF2008 a priori coordinates were only loosely constraint (c.f. Brenot et al., 2006) . We estimated for each station 12 ZTDs and 8 pairs of tropospheric horizontal gradients (NS and EW direction) per 24 hour session. The parameters presented hereafter are extracted from the ambiguity free solution. Ambiguity resolution usually increases horizontal coordinate repeatability while degrading vertical coordinate repeatability by projecting unmodeled measurement errors on the more weakly constrained vertical component. This could introduce biases in the tropospheric parameter estimation, tropospheric zenith delay being correlated with the vertical positioning. Our network conception insures also that ZTD is estimated to its total amount and not only in a relative way between the different stations, by including IGS stations at large distances from the local network in each analysis (> 1500 km, according to Tregoning et al., 1998) .
QUALITY CONTROL
Apart from the homogeneous analysis and the intrinsic stability of GPS tropospheric delay measurements, the GPS station itself has to be stable throughout time to be able to interpret any tendency in its tropospheric parameters in terms of climatology. Obviously, the physical benchmark should also remain unchanged; the position of the station should be stable. The tropospheric delay varies in particular with height. A vertical offset of the measurement point creates an offset in ZTD that is however downscaled. A scale factor of about 3 has been quantified already by Santerre (1991) from simulations. The order of magnitude was confirmed in real measurements, for example by Vey et al. (2002) and Walpersdorf et al. (2007) with a factor of 4.4 for French Brittany and ≥ 3 for African stations, respectively. To estimate the maximum vertical offset that does not significantly affect the evaluation of a long term trend of PWV above a GPS station, we are using a conservative estimate of a scale factor of 3 between ZTD and vertical position, and a relation of ZTD/PWV of about 6.5 (relation quantified by the mean temperature of the atmosphere above the GPS station, see Bevis et al., 1992) . Observed PWV trends of the order of 0.3 mm PWV/decade (e.g. Morland et al., 2009) correspond to a ZTD trend of 2 mm/decade and imply that a single offset in the vertical time series should be smaller than 6 mm to be able to resolve a realistic PWV trend. We therefore consider that 6 mm is the maximum acceptable vertical offset for constraining significant PWV trends without correcting this offset. Looking for offsets in the position time series is more efficient than examining ZTD or even PWV time series directly because the signal to noise ratio is clearly more favorable in the positioning time series (related to the scale factors). Sites with significant offsets are still usable but have to be corrected (e.g. the offset estimated together with the slope, leading to lower constraints on the slope). Effectively, a majority of long term GPS stations undergo modifications: change of GPS antenna and/or receiver, related to technical failures or modernization of the station, modifications in the antenna environment like constructions creating masks. Receiver and antenna changes are documented in the site log sheets and any related position offset can be modeled in the data analysis to a major part. However, some residuals can persist, related probably to the individual site installation and environment. Modifications in the surroundings of the antenna are generally not monitored and not modeled. A quality check of the position time series has therefore to be performed, to identify residual offsets related to an equipment change, or offsets due to undocumented modifications of the sites, or to undocumented measurement failures. The resulting verified time series highlight those stations providing tropospheric parameter time series that can further be used for meteorological and climatological studies. Developing these applications goes beyond the geodetic work presented here; however, our validated ZTD and gradient time series are made available to other researchers for further studies (section 5). We summarize in Table 1 some parameters characterizing the quality of the individual stations for long term climatological studies. The parameters indicated are total measurement span, number of daily solutions, normalized root mean square dispersion (nrms) and weighted root mean square dispersion (wrms) of the vertical position time series and an empirical station quality index, established by visual inspection of the position time series. This visual inspection evaluates the presence of visible jumps (in particular on the vertical component), data gaps, linearity of the time series, and the level of noise. We attribute station by station a quality index of 1 for good stations, 2 if the time series is usable under certain conditions (removing noisy parts, correcting for jumps), and 3 if the time series is too bad to provide any constraints on ZTD climatology. In this paper, we show these parameters for net 1, the full characterization will be available with the publication of the ZTD time series. In particular, out of the 69 stations in net 1 (including the 15 common stations), 54 PSs are assigned index 1, 14 PSs an index 2, and 1 PS has obtained an index 3 (BURE). Effectively, in the time series of index 2, discontinuities are present that are related to known but imperfectly modeled equipment changes, and to undocumented modifications at the stations. Some examples of time series for index 1, 2 and 3 stations are shown in Figure 2 . The noise level of the position time series of the vertical component is evaluated to an average of 1.4 nrms and 4.3 mm wrms for index 1 stations, to 1.8 nrms and 5.8 mm wrms for index 2 stations, and the index 3 station BURE has nrms and wrms of 2.1 and 5.6 mm, respectively. The resulting homogeneous and quality checked time series of ZTD can now be used to establish the long term ZTD trend that should be closely related to the quantity of tropospheric water vapor present above each station. Time series of horizontal gradients could monitor the evolution of systematic anisotropies of the water vapor distribution in the vicinity of each site. Water vapor being a key variable in climate, these trend evaluations could therefore help characterizing regional climatologies. Water Vapor (PWV) trends evaluated elsewhere (0.5 mm/yr ZTD ~ 0.075 mm/yr PWV), however with a quite large variability with respect to site location and data processing. The prevailing annual signal is due to our basic trend estimation technique that is known to be limited. The trend estimation can be done more precisely by more sophisticated approaches Nilsson and Elgered, 2008; Morland et al., 2009; Sohn and Cho, 2010; Haas et al., 2011) , but in the scope of this paper, this simple test shows that our re-analysis will certainly provide new constraints on water vapor climatology.
ZTD DATA BASE
The data that we will make available in the HyMeX data base on www.hymex.org are: full lists of station coordinates, station characteristics according to Table 1 , ZTD time series with formal errors, NS and EW gradient time series with their formal errors. We chose to provide high quality geodetic information with the homogeneously calculated time series using an up-todate data analysis strategy, including a quality control. This information is ready and available for highly precise exploitation. Dependent on the application, users can chose their algorithm for ZTD/gradient trend estimation, conversion from ZTD to PWV using pressure and temperature from synoptic networks or weather models, etc.
CONCLUSIONS
GPS data from 181 permanent stations extracted from different networks covering France and the Italian part of the Alps are used to estimate a homogeneous set of tropospheric parameters over 14 years (from January 1998 to May 2012). The quality checked data base of ZTD and gradient values will be published in the framework of the international HyMeX project (www.hymex.org). The tropospheric parameters are obtained in a GPS network that is particularly dense in the Mediterranean region and over the French-Italian Alps. Both are interesting test areas for meteorological and climatological analyses, so that our ZTD/gradient data base will constitute a significant contribution to such studies. Thanks to the length of the data set in time, a regional climatological approach could permit identifying specific patterns of ZTD variation that are related to severe weather events. The regional GPS stations could then contribute to an early warning system.
APPENDIX
Station names and coordinates in WGS84, as well as corresponding sub-network. 
